Monodomains of nematic main-chain liquid-crystalline elastomers containing azoderivatives in the polymer backbone have been studied by means of opto-mechanical experiments at different temperatures for the evaluation of the mechanical response, kinetic rates, activation energies and the isomerization mechanism. The increase in the crosslinking density of the network enhances the lightinduced stress in the sample, leading to a better performance and more tunability of the systems when compared to nematic side-chain liquid-crystalline elastomers.
Introduction
Nematic liquid-crystalline elastomers (LCEs) are fascinating materials that combine the rubber elasticity of a common elastomer with the anisotropy of the liquid-crystalline state of order. 1 The local order of the domains in the system is directly connected to the strain imposed on the sample.
2,3 Main-chain liquid-crystalline elastomers (MCLCEs) are constituted of crosslinked polymer chains containing the mesogens linked through short chains called spacers which directly couple to the polymer backbone.
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The local disorder induced by light as an external eld, on introducing photoactive molecules as co-monomers that change their chemical structure under irradiation, drives to dimensional changes in the LCE. [7] [8] [9] [10] LCEs have been pointed out as candidates for switchers, actuators or articial muscles due to their huge change in shape, up to 400%, and the wide range of mechanical properties these materials cover, from kPa to MPa.
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Nematic MCLCEs containing azoderivatives as co-monomers have been investigated in order to establish the effect of the crosslinking density on the polymer network, and to compare the mechanical response, kinetics and mechanism of photoisomerization with the same properties of photoactive sidechain liquid-crystalline elastomers (SCLCEs) 19, 20 when light is applied. The change in shape of these azobenzene co-monomers, from the rod-like shape (trans-isomer) to the bent-like shape (cis-isomer), leads to an induced local disorder in the surroundings of the molecule and is transmitted through the polymer backbone, inducing a very signicant change in the dimensions of the elastomer.
In this paper, we present and discuss new opto-mechanical studies on photoactive nematic MCLCEs together with the effect of the crosslinking degree, and a comparison is made with nematic SCLCEs.
Experimental part

Synthesis of the mesogens and azobenzene derivative
The rod-like mesogens (MCM1 and MCM2) 21, 22 and the azobenzene co-monomer (Azo) 19 were synthesized as described previously. All chemical structures are depicted in Scheme 1.
Synthesis of photoactive nematic main-chain liquidcrystalline elastomers
The procedure in the synthesis of MCLCEs was the same as for SCLCEs, but with longer reaction times (4 h). Mixtures of mesogen (MCM1 or MCM2), chain-extender (1,1,3,3-tetramethyldisiloxane, TMDSO), crosslinker (2,4,6,8,10-pentamethyl-1,3,5,7,9,2,4,6,8,10-pentaoxapentasilecane, PMPOPS) and azobenzene co-monomer (Azo) were prepared and partially crosslinked aer the non-complete hydrosilylation reaction.
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The swollen elastomer strip was removed from the spin-casting cell and aligned by applying a strong uniaxial stress and then elongated to uniformly align with the director. 24 Then, the unswollen sample was completely cured at 60 C to x the monodomain orientation. The composition of these samples was optimized at a level of azobenzene dyes high enough -5 mol% of the total amount of rod molecules -to see the optomechanical effect of the azoderivatives as co-monomers (Scheme 1). At these high concentrations of azobenzene molecules, a nonlinear absorption behavior should be expected, where a photo-bleaching of the dyes together with the corresponding increase in the effective transmittance has been suggested to explain the actuation phenomenon in LCEs.
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The nal compositions of the two elastomers were the following: MCEAzo-10 : PMPOPS ¼ 5. Fig. S1 †) . 28 The presence of azo compound molecules clearly determines the mechanical and thermal properties of the samples. The two photoactive elastomers have clearing temperatures of 48 and 55 C for MCEAzo-10 and MCEAzo-2.5, respectively. 28 More details on the synthesis and characterization of both MCLCEs are given in the ESI. †
Apparatus and techniques
Opto-mechanical measurements were performed with a selfconstructed apparatus designed to measure the retroactive force as a function of time under irradiation, or the relaxation process in the darkness. In a thermostatted cell controlled using a Haake-F6 thermostat and a Pt100 thermoresistor, the sample was stretched using one Owis SM400 microstep motor and controlled using an Owis LSTEP-12 56.202.0000 microstep controller. The stress (s) was measured using a Transducer Techniques GS0-10 transducer load cell (10 g) and analysed using a Newport Electronics INFS-1001-DC7 high performance strain gage indicator. All relevant data such as temperature, time and stress (s) were continuously logged and controlled using National Instrumets LabView 7.0 soware. The sample was irradiated with UV-light using an Osram XBO150W/1 xenon arc lamp (150 W, 20 V, 7.5 A) that was in a Müller ElektronikOptik LAX 1530 lamp housing connected to a Müller ElektronikOptik SVX 1530 power source. To select the right wavelength, a Jobin Yvon H20 UV/Vis/NIR monochromator was used and a Ocean Optics USB2000 UV-Vis spectrophotometer (UV2/OFLV-4 detector, L2 lens, 5 mm slit, 200-850 nm) connected to the thermostatted cell by a Ocean Optics P400-2-UV/VIS optical bre (UV/Vis, 2 m, 400 mm) was attached to the back side of the cell. The temperature of the sample was checked using a Eurotherm Controls 2132 PID temperature controller with a 4-20 mA output loop current limit and a Pt100 linear resistor. The intensity of the radiation reaching the sample was 312 mW cm À2 , measured using a calibrated Lot-Oriel Ophir-70260-2 radiant power meter with a Lot-Oriel Ophir-70282 Si-detector with a PD300-UV head in the range from 250 to 1100 nm, and it was kept constant during the experiments. X-ray scattering experiments were performed using a Philips PW 1730 rotating anode (4 kW) in order to obtain direct information on the SAXS and WAXS reections in the nematic phases. Cu Ka radiation (1.5418Å) ltered using a graphite monochromator and collimated using a 0.8 mm collimator was used. The incident beam was normal to the surface of the lm. The scattered X-ray intensity was detected using a Schneider image plate system (700 Â 700 pixels, 250 mm resolution). Samples were placed in a self-constructed holder where the temperature was controlled using a Haake-F3 thermostat.
Results and discussion
Opto-mechanical experiments
The response under irradiation of nematic photoactive MCLCEs with different crosslinking densities, and with azobenzene derivatives as co-monomers, was investigated with the aim of establishing the effect of the degree of polymerisation or repeating units in the polymer backbone between crosslinking points when light is applied as an external eld.
On irradiating the sample, the photoactive azobenzene molecules change their shape from a rod-like shape -transisomer -which is the most stable isomer form and stabilizes the liquid-crystalline phase, to a bent-like shape -cis-isomer -that destabilizes the mesophase. This means that phase transitions of liquid-crystalline systems can be induced isothermally and reversibly by photochemical reactions of photoresponsive guest molecules. This destabilization of the liquid-crystalline phase causes shrinkage in the LCE. [7] [8] [9] [10] 19 On stopping the irradiation, the bent-like shaped molecules come back to their original rodlike shape form and, as a consequence, the LCE recovers its original dimensions. This effect is induced by the fact that the cisisomer acts as an impurity for the liquid-crystalline order, and, in the case of MCLCEs, also by the mechanical stress generated by azobenzene present in the polymer backbone. If these photoactive MCLCEs are clamped from both ends of the sample and are irradiated, a retractive force is generated due to the natural length shrinkage, which is not mechanically permitted due to the clamping and thus generates the stress in the sample.
The opto-mechanical response of these two MCLCEs was investigated under a constant pre-load (0.5 g which corresponds to a strain below l ¼ 1.05) 28 applied on the samples of dimensions 10 mm Â 1 mm Â 0.250 mm. When irradiated with UVlight at l ¼ 380 nm, the trans-to-cis isomerization caused a decrease of the local order parameter, which could be measured by an increase of the retractive force as a function of time, until the photo-stationary cis-trans equilibrium was reached. On reaching this equilibrium state, the irradiation process was stopped and the relaxation cis-to-trans isomerization process started. These measurements allow the evaluation of the kinetics of the isomerisation process.
In a previous communication, 19 both the trans-to-cis photoisomerization and the cis-to-trans thermal-isomerization were described as a stretched exponential growth and a stretched exponential decay, respectively. The lifetime related to the photo-isomerization of the azo compounds is related to both the photo-isomerization (k 1 ) and the thermal-isomerization (k 2 ) processes,
, and the curve which describes the irradiation of the sample has the following expression:
where Ds max is the maximum mechanical response, Ds 0 is the applied pre-load, and b photo is the exponential factor. The lifetime corresponding to the relaxation of the network in the darkness only depends on the thermal-isomerization (k 2 ) process,
, and the curve which follows this decay is:
where Ds max is the starting maximum mechanical response, Ds 0 is the initially applied pre-load, and b thermal is the corresponding exponential factor. The corresponding opto-mechanical experiments showed the behaviour of the stress (Ds) as a function of time (Fig. 1a) , where the two isomerization processes are presented for both MCLCE samples. The samples' change in dimensions was taken into consideration.
19 Fig. 1b shows the uniaxial thermal expansion of both samples, where the maximum length ratio l at 20 C is related to the crosslinking density and the inexion point of each curve to the nematic-to-isotropic temperature T NI . Thus, samples with low crosslinking density expand/contract more than those with high crosslinking density. The clearing temperature for the 10 mol% crosslinking density sample (MCEAzo-10) is lower than the isotropization temperature of the 2.5 mol% crosslinked sample (MCEAzo-2.5) due to the fact that the isotropic crosslinker acts as an impurity, introducing some disorder and lowering the transition temperature.
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From the analysis of the opto-mechanical experiments at different temperatures, an important effect can be seen, coming from the chemical constitution of the polymer network: an increase of 4 times the crosslinking density in the sample MCEAzo-10 with respect to the sample MCEAzo-2.5 shows a mechanical response which is 8 times higher at low temperatures (30 C), but almost the same at high temperatures (70 C) (Fig. 2) . Moreover, at a low temperature (45 C), where the maximum response is observed for all systems, the most responsive nematic main-chain system (MCEAzo-10) is up to 2 times more efficient than the best of the side-chain networks with an azobenzene derivative as the crosslinker (SCEAzo2-c-10), and the less crosslinked main-chain system (MCEAzo-2.5) is 30% more responsive than the worst of the side-chain elastomers containing a exible pendant azobenzene molecule (SCEAzo4-p-10). 19 For the two crosslinking compositions in the main-chain elastomers, the samples have 4 (MCEAzo-10) and 16 (MCEAzo-2.5) main-chain repeating units between two crosslinking points which correspond to distances of 11 and 48 nm, respectively (the data are obtained from the evaluation of X-ray measurements; see ESI, Fig. S1 †) . These lengths are much longer than the corresponding lengths of SCLCEs with contour lengths around 3 nm for the polysiloxane backbone which consists of 8 side-chain mesogens between crosslinking points. Thus, the nature of the polymer backbone -anisotropic rodcontaining MCLCEs or isotropic exible polymer backbone SCLCEs -and the degree of crosslinking have a huge effect on the mechanical response in LCEs.
The opto-mechanical experiments have been performed at different temperatures in order to identify the activation energy for both the photo-and back-isomerization processes. By tting these curves at different temperatures, the maximum stress (Ds max ), kinetics constants (k 1 and k 2 ) and the exponential factors (b photo and b thermal ) for both processes can be calculated (see ESI, Tables S1 and S2 †). In Fig. 3 , the normalized mechanical responses (Ds) are shown as a function of time, under irradiation and in the darkness, at different temperatures, for both samples MCEAzo-10 and MCEAzo-2.5. For the calculation of normalized curves during the photo-and the thermal-isomerization processes, the following expression was used: Ds norm ¼ [Ds(t) À Ds 0 ]/Ds max , where Ds(t) is the mechanical response at a certain time, Ds 0 is the applied pre-stress, and Ds max is the maximum mechanical response. The values of the exponential factors depend strongly on the studied isomerization process. Thus, during irradiation the exponential factor is b photo z 0.55 raising up to 0.70 at high temperatures, while during the relaxation process the exponential factor is b thermal z 1 (Table 1) , which indicates that the photo-isomerization process deviates from the ideal exponential behaviour observed in the thermal-isomerization process in main-chain elastomers, and from the values of the side-chain systems (b photo z 0.70-0.80). 19 This effect can be explained by considering the effective stress transmission through the whole macromolecule in MCLCEs: the azobenzene co-monomer not only induces disorder due to the change in molecular shape from trans to cis, it creates an extra mechanical response which stretches the polymer chain and brings the crosslinking points closer: the so-called cooperative effect. The mechanical responses of both main-chain elastomeric samples, and all previous side-chain elastomers, do not show a maximum in the vicinity of the clearing temperature, as predicted by the published literature, 9 and the mechanical response is higher at low temperatures.
Only a pronounced decay as a function of temperature was noticed for the elastomers with azobenzene crosslinkers, and a slight decay with a small local maximum in the case of the pendant groups. That can be explained by the trans-to-cis isomerization affecting T NI , but not the order. These azobenzene crosslinkers have a higher mechanical effect than the disorder generated by the cis-isomer in the LC matrix. Another relevant fact is that all samples are more responsive at low temperatures, where the Young's modulus is higher when approaching T g .
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Photo-isomerization and thermal-isomerization: kinetics and activation energy
The information on the kinetics of photo-and thermal-isomerization can be evaluated by tting the curves of each optomechanical experiment at different temperatures. The kinetic constants and the cis-isomer populations were determined using the corresponding lifetimes s 1 and s 2 , f cis ¼ (s 2 À s 1 )/s 2 (see ESI, Table S3 †) .
The relationship between the rate of a reaction and its temperature is quantitatively determined by the Arrhenius equation k ¼ Aexp(ÀE a /RT), where k is the kinetic constant, A is the pre-exponential factor, E a is the activation energy, R is the universal gas constant, and T is the temperature (see ESI, Fig. S2 †) . The activation energies and half-life times are summarised in Table 1 for both photoactive MCLCEs.
The activation energy in the photo-isomerization process depends on the nature of the azobenzene compound, 19, 30 as well as on the nature of the studied macromolecule. The values obtained for the activation energies during the photo-isomerization process differ from one sample to the other. The highly crosslinked elastomer (MCEAzo-10) has an energetic barrier of 63 kJ mol À1 , much higher than the value for the low crosslinked system (MCEAzo-2.5) of 36 kJ mol À1 (Table 1) , which does not differ that much from those in side-chain elastomers. 19 The explanation recalls the idea of the stress-avoiding isomerization due to the short length and rigidity of the polymer backbone Table S4 †). The enthalpy and entropy values for the two photoactive nematic MCLCEs during both photo-and thermal-isomerization processes fall on the same curve (Fig. 4) as nematic SCLCEs, and low molecular-mass liquid crystals.
19,31
That is a clear indication that both isomerization processes follow the same inversion mechanism or isokinetic relationship during the trans-to-cis and cis-to-trans isomerization.
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Conclusions
The opto-mechanical response of new photosensitive nematic main-chain liquid-crystalline elastomers (MCLCEs) with different crosslinking densities has been studied, and compared to their analogous side-chain systems. It has been shown that by increasing the crosslinking density -by shortening the polymer length between crosslinking points -the elastomer becomes more responsive than its corresponding low crosslinked partner, or than side-chain systems with a similar crosslinking density. No maximum in the mechanical response in the vicinity of the clearing temperature has been observed, and the mechanical response is maximal at low temperatures due to the high elastic modulus of the samples, and better cisisomer conversion.
The pure photo-isomerization and thermal-isomerization processes have been studied at different temperatures, and the kinetic constants for both processes, as well as the energetic barriers, have been evaluated. The results show a slower response for the highly crosslinked system, due to the stressavoiding isomerization effect related to the short polymer backbone between crosslinking points. The evaluation of the energies involved in these isomerisation processes shows that MCLCEs strongly affect the photo-isomerization of the azobenzene compound, making the process more difficult for a more crosslinked network.
Finally, the isomerization mechanism for MCLCEs involved in both processes is the same as for SCLCEs: the inversion mechanism. In this isomerization mechanism where an inversion through a linear state takes place, a more ordered transition state (decreased entropy) has less energetic demands (decreased enthalpy).
